Variable expression of repeating units of the protective alpha C proteins among clinical isolates of group B streptococci (GBS) may have implications for vaccine development. In this study, alpha C protein genes containing various numbers of repeats (1, 2, 9, and 16) were cloned in a T7 overexpression vector in Escherichia coli. Expression was induced by isopropyl-␤-D-thiogalactopyranoside, and proteins were purified by anionexchange, gel filtration, or affinity chromatography or by isoelectric focusing. Rabbits were immunized with purified 1-, 2-, 9-, or 16-repeat proteins. All proteins appeared to be highly immunogenic. Enzyme-linked immunosorbent assay inhibition with 9-repeat protein as the coating antigen and 9-repeat-antigen-elicited antiserum showed that a 200-fold-higher concentration of 1-repeat antigen than of 9-or 16-repeat antigen was required for 50% inhibition of antibody-antigen binding. The concentration of 2-repeat antigen required for 50% inhibition was intermediate relative to the concentrations of 1-and 9-repeat antigens. These results suggested that antibodies to 9-repeat antigen recognized predominantly a conformational epitope(s) contained in proteins with higher numbers of repeats (9 or 16) but lost considerable binding affinities for an epitope(s) contained in alpha C proteins with fewer repeats (1 or 2). Similar results were obtained with antiserum to 16-repeat antigen. However, antibodies to 1-and 2-repeat antigens recognized 1-, 2-, 9-, and 16-repeat antigens with equal binding affinities. This finding suggested that 1-and 2-repeat-elicited antibodies recognized an epitope(s) on individual repeats. Loss of repeating units from the alpha C proteins may result in decreased protection because the loss of epitopes (including conformational epitopes) gives the microorganisms the opportunity to escape host antibodies. If 1-and 2-repeat-elicited antibodies bind all alpha C proteins with equal affinity, regardless of their repeat number, they may prevent GBS strains with fewer repeats from escaping host immunity. Protection data obtained with antisera to the proteins with different repeat numbers support this hypothesis: mouse pups challenged with GBS strain A909 were better protected when immunized with 1-or 2-repeat-elicited antiserum (76 and 75%, respectively) than when immunized with 9-or 16-repeatelicited antiserum (41 and 48%, respectively).
Group B streptococci (GBS) are the leading cause of meningitis, pneumonia, and sepsis in neonates (3) . The type-specific capsular polysaccharides expressed on the surface of GBS are considered protective antigens (16) . In addition, the cell surface-associated C proteins of GBS are known to be protective in experimental animals. Lancefield et al. (15) showed that antibodies to C proteins raised in rabbits protected mice challenged with GBS expressing C proteins. Later, the biochemical and immunological characterization of two protective C-protein antigens, alpha and beta, was reported (21) . Alpha C proteins are present in approximately 50% of all GBS isolates, and beta C proteins are present in 10% (10a) . With respect to the beta C protein, we found that active immunization of mice with the purified protein protected offspring against lethal infection with a beta-positive GBS strain (18) . With respect to the alpha proteins, a monoclonal antibody (MAb), 4G8, that conferred passive protection against lethal GBS infections to mice challenged with a GBS strain expressing alpha C proteins was produced (19) . Western blots (immunoblots) of the cloned alpha C protein gene (bca) product demonstrated a regularly laddered pattern of heterogeneous polypeptides similar to that in the native protein (22) . The nucleotide sequence of the bca gene revealed nine identical tandem repeats, each 246 bp in length, and a single partial repeat of 33 bp; the repeat region was flanked by an N-terminal and a C-terminal region (22) . This regularly laddered pattern of the alpha C proteins has also been found among clinical GBS isolates. However, alpha C proteins of variable sizes (62.5 to 167 kDa) were expressed by the latter isolates (17) . It was found that the sizes of the alpha C proteins corresponded to the number of repeats (20) . Recently, the occurrence of alpha repeat deletions during transmission of GBS from mother to neonate was described (18a) . To study this phenomenon in more detail, an animal model in which GBS mutants with lower repeat numbers could be selected for by antibody pressure was developed (18a) . It was demonstrated that many of these mutants contained deletions of tandem repeat elements, with the smallest mutants containing only one full and one partial repeat.
The importance of this variable expression of repeat numbers to virulence and immunity and thus to vaccine development is not known. It has been shown that, in the presence of the alpha-specific MAb 4G8, opsonophagocytic killing of clinical GBS isolates with variable numbers of repeats correlates directly with the increasing molecular mass of the alpha antigen (17) . Tandemly repeated sequences have also been found in antigens of Rickettsia rickettsii (1) , Trypanosoma cruzi (10) , Trypanosoma brucei (26, 27) , Leishmania major (33) , Plasmodium spp. (12) , Streptococcus pneumoniae (36) , group A streptococci (9, 24, 32) , Bordetella pertussis (25) , Staphylococcus aureus (28) , Ureaplasma urealyticum (38) , and Blastomyces dermatitidis (14) . Moreover, phenotypic diversity by variation in the repeat number of cell surface proteins has been demonstrated among clinical isolates of Rickettsia spp., Trypanosoma spp., U. urealyticum, group A streptococci, and S. pneumoniae (1, 7, 9, 10, 34, 37, 38) . It has been suggested that the repeating units of the alpha antigen represent a mechanism for phenotypic and genotypic variability and provide natural sites for gene rearrangements that can generate antigenic diversity (22) . It is possible that antigens containing different numbers of repeats elicit different repertoires of antibodies. Wessels et al. (35) described the loss of binding affinity of antibodies accompanying the loss of repeating subunits for capsular polysaccharides of GBS. They concluded that these repeating subunits contained a conformational epitope. The presence of conformational epitopes has also been suggested for the rompA protein gene repeat region of Rickettsia spp. (8) , the MB antigen of U. urealyticum (38) , and M proteins of group A streptococci (11) . Loss of repeating units from the alpha C protein could result in (i) loss of binding affinity because of lower valency of the protein (i.e., fewer antibody-binding sites), (ii) loss of a possible conformational epitope(s), and/or (iii) poorer presentation of an epitope(s) at the cell surface when expressed by a smaller protein.
To study the relationship between the overall relative affinity of binding of antibody and the number of repeats, we created constructs of the alpha C protein gene with variable numbers of repeats (1, 2, 9, and 16), purified their gene products, immunized rabbits with the purified repeat-containing proteins, and performed enzyme-linked immunosorbent assay (ELISA) inhibition experiments, combining antisera to purified 1-, 2-, 9-, and 16-repeat proteins with the purified proteins as inhibiting antigens. We then conducted studies with mice to determine the protective efficacies of rabbit antisera elicited by the different repeat-containing proteins.
MATERIALS AND METHODS
Bacterial strains. Escherichia coli strains HMS174(DE3) (6) and BL21(DE3) (29) containing the isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible T7 RNA polymerase gene (30) were used as recipients for the newly constructed plasmids. Plasmid pT7-7 (kindly provided by S. Tabor [31] ), which contains the T7 promoter and a strong ribosome-binding site optimized for translation beginning at an NdeI site, was used as a vector. The bca gene was obtained from plasmid pJMS23, which has been described previously (22) . A909, the prototype of an Ia ϩ ␣ ϩ ␤ ϩ GBS strain which contains an alpha C protein gene with nine tandem repeats and a partial repeat, was used for challenge in mouse protection studies (22) .
DNA procedures and electroporation. Plasmid DNA preparation, restriction endonuclease digestion, and agarose gel electrophoresis were performed by standard techniques (2) . Large-scale plasmid DNA was prepared with the Magic Maxiprep Purification System (Promega, Madison, Wis.). E. coli cells were transformed by electroporation (Gene Pulser; Biorad, Melville, N.Y.) according to the manufacturer's instructions.
Plasmids. Plasmid pT7LM2 (see Fig. 1 ) was created for this project to optimize alpha C protein expression under the control of a T7 promoter. In order to place the ATG start site of the gene in optimal proximity to the T7 promoter and ribosome-binding site of the pT7-7 vector, it was necessary to create a new NdeI site at the start codon. The bca gene was therefore modified by PCR mutagenesis to contain such a site (CA2T ATG).
An upstream fragment of the gene (287 bp) was removed from the plasmid by complete digestion with NdeI and partial digestion with AlwNI (to preserve a second AlwNI site further downstream). The desired fragment (5.8 kb) was purified from an agarose gel and treated with calf alkaline phosphatase according to the instructions of the manufacturer (Boehringer Mannheim Biochemicals). A new fragment was synthesized by PCR with an intact gene as the template. The forward primer (5Ј GTA AAG GAG AAT CA2T ATG TTT AGA AGG) was chosen to introduce the new NdeI site (underlined) and to allow sufficient 5Ј overhang to be cut by NdeI. The reverse primer (5Ј AGG TCG CTG CAC TCC) was chosen to span the region of interest and to include the AlwNI site within the product. PCR was conducted under standard conditions with use of Taq polymerase (Perkin-Elmer, Norwalk, Conn.) in a thermal cycler for 20 cycles. The product was digested with NdeI and AlwNI and purified with a Centricon 100 cartridge (Millipore, Bedford, Mass.). Finally, the 197-bp fragment was ligated into the vector-bca fragment above with T4 ligase. The sites of ligation and the fidelity of PCR were confirmed by restriction mapping and sequencing of the region of pT7LM2 containing the PCR product and of flanking regions with standard chain termination techniques (2) .
IPTG induction and protein expression. E. coli HMS174(DE3) and BL21 (DE3) containing plasmids with the different repeat constructs were grown in tryptone medium (Difco, Detroit, Mich.) plus ampicillin (100 g/ml) to an optical density at 650 nm of 0.6. Expression of the repeats was induced by IPTG (0.4 mM) for 3 h and then stopped on ice.
Preparation of cytoplasmic fractions. For the preparation of cytoplasmic fractions, the IPTG-induced E. coli cells were centrifuged and the pellet was resuspended in phosphate-buffered saline (PBS) (1% of the culture volume). The cells were then mechanically lysed with a French pressure cell (AMINCO, SLM Instruments Inc., Urbana, Ill.) at 750 lb/in 2 and subjected to ultracentrifugation at 140,000 ϫ g for 1 h. The supernatant containing aberrant alpha C protein was used for subsequent purification.
Purification of recombinant alpha C proteins. (i) Nine-and 16-repeat proteins. Proteins were purified by anion-exchange column and fast protein liquid chromatography (FPLC) with a 0 to 0.5 M NaCl gradient in Tris buffer (50 mM, pH 7.8). A 5-ml volume of the cytoplasmic fraction was diluted (1:1) with Tris buffer (50 mM, pH 7.8) and loaded onto a Resource Q column (Pharmacia, Piscataway, N.J.); 5-ml fractions were collected (2 ml/min) and examined for alpha protein by dot blot analysis with alpha-specific MAb 4G8 (19) . Alpha C protein was eluted at 0.12 M NaCl. Positive fractions were analyzed qualitatively as well as quantitatively by comparison of a sodium dodecyl sulfate (SDS) gel stained with Coomassie brilliant blue and an SDS gel that was subsequently subjected to Western blotting. Fractions with the highest quality and largest amount of alpha C protein were pooled and treated first with DNase and RNase (325 g/25 ml of pooled fractions) in the presence of CaCl 2 and MgCl 2 (1 mM, final concentration) and then with trypsin (substrate-to-enzyme ratio, 4:1) (Sigma, St. Louis, Mo.) at 37ЊC for 4 h. The trypsin resistance of alpha C proteins (4) was useful in this purification process. After dialysis in distilled water overnight at 4ЊC and lyophilization, the remaining proteins were dissolved in 500 l of Tris buffer (50 mM, pH 7.8) and subjected to gel filtration with Superose-12 column FPLC (Pharmacia). Positive fractions were identified and analyzed as described above.
(ii) Two-repeat protein.
For the 2-repeat protein, the same procedure was followed as for the 9-and 16-repeat proteins, but an additional step of preparative isoelectric focusing (Rotofor Cell; Biorad) was required. A solution of ampholytes (Bio-lyte; Biorad) with a pH range of 3 to 5 was used (the isoelectric point of alpha C protein is 4.5). Positive fractions were identified and analyzed as described above.
(iii) One-repeat protein.
For the purification of the 1-repeat protein, we used affinity chromatography. Protein A-agarose beads of an Immunopure immunoglobulin G orientation column (Pierce, Rockford, Ill.) were cross-linked according to the manufacturer's instructions with rabbit antiserum to 2-repeat proteins. The cytoplasmic fraction of E. coli expressing 1-repeat protein was applied to the column, and the alpha C protein was eluted by 0.1 M glycine (pH 2.8). The eluted protein was then subjected to anion-exchange chromatography (Resource Q column). Positive fractions were identified and analyzed as described above.
Production of rabbit antisera. Two New Zealand White female rabbits (6 to 8 weeks old) were subcutaneously immunized with each antigen (1, 2, 9, and 16 repeats). The first dose (100 g/0.5 ml of PBS) was emulsified in 0.5 ml of complete Freund's adjuvant, and the subsequent doses (days 21 and 42; 100 g) were emulsified in 0.5 ml of incomplete Freund's adjuvant. Serum was collected before each immunization and again 2 weeks after the last dose.
ELISA. Antibody in rabbit antisera to 1-, 2-, 9-, and 16-repeat alpha C proteins was measured by ELISA as described previously (17) . The various purified repeat proteins were used as the coating antigen. Optimal coating concentrations (in micrograms per milliliter), determined by checkerboard titration, were as follows: 1-repeat antigen, 1; 2-repeat antigen, 0.25; 9-repeat antigen, 0.125; and 16-repeat antigen, 0.081. Twofold dilutions of the rabbit antisera were made (starting dilution, 1:100). Alkaline phosphatase-conjugated antibody to rabbit immunoglobulin G (whole molecule; 1:2,000) was used as the second antibody (Cappel/Organon Teknika, Durham, N.C.). The titer was defined as the highest dilution with an A 405 of Ͼ0.2 after development with substrate (p-nitrophenyl phosphate; Sigma) for 30 min.
ELISA inhibition. ELISA inhibition was performed as described previously (17) . Serial dilutions of inhibiting antigen were made and preincubated with the first antibody for 1 h at 37ЊC. The antigen-antibody complex was transferred to the antigen-coated microtiter plate and incubated for 1 h at 37ЊC, a step that allowed free antibody to bind the coating antigen. After the plates were washed, the second antibody was added to the microtiter wells and the plates were incubated for 1 h at 37ЊC. The plates were again washed and were then developed with the substrate. 
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To study the effect of the repeat number of alpha C proteins on the antibody repertoire elicited in rabbits, ELISA inhibition was performed with the purified 1-, 2-, 9-, and 16-repeat proteins (as inhibiting and coating antigens) and the obtained antisera to these antigens. The optimal concentrations of the 1-, 2-, 9-, and 16-repeat coating antigens were 1, 0.25, 0.125, and 0.081 g/ml, respectively. Serial twofold dilutions of inhibiting antigen were made (starting at 5 g/ml); rabbit antisera to the different repeats were used as the first antibody (1:8,000), and alkaline phosphatase-conjugated antibody to rabbit immunoglobulin G (whole molecule) was used as the second antibody (1:2,000) (Cappel).
Mouse protection studies. The mouse protection method was adapted from that described by Rodewald et al. (25a) . In our study, groups of four CD-1 outbred pregnant mice were given 0.5 ml of undiluted rabbit antiserum by intraperitoneal injection (3 or 4 days before delivery). Pups were challenged intraperitoneally with 3 ϫ 10 4 to 5 ϫ 10 4 CFU of GBS strain A909 (10 3 times the 50% lethal dose determined in a pilot study) within 48 h of birth. Survival was assessed 48 h after challenge, and survival data for groups whose dams had been immunized with different antisera were compared by Fisher's exact test.
RESULTS
Creation of multimeric tandem repeats. Alpha C protein gene constructs were generated by modification of the parent plasmid pT7LM2 containing the alpha C protein gene bca immediately downstream of the phage T7 promoter. Each 246-bp repeat of the bca gene contains a single StyI restriction site (C2CTTGG) near its center (22) . One additional StyI site exists outside the repeat area near the C terminus of the gene. Since the StyI site within each repeat is not a palindrome, StyI-digested DNA fragments can religate in only one orientation. The C-terminus StyI consists of a sequence different from those internal to the repeat (C2CT AGG); this situation forced cloning at this site. Plasmid DNA (500 ng) was partially digested with StyI (Boehringer Mannheim Biochemicals; 1 U) in the appropriate buffer (total volume, 15 l). Digestion was allowed to continue for 15 min at 37ЊC and was then stopped by immersion of the digest mixture first in ice and then in a 65ЊC bath for 5 min. The mixture was purified on a Sepharose CL6B mini-column in an Eppendorf tube (23) . The StyI partial-digest mixture was religated with 20 l (8,000 U) of T4 DNA ligase (New England Biolabs) in ligase buffer overnight at 16ЊC. A 1-l volume of the ligation mixture was electroporated into 35 l of E. coli DH5␣ rendered competent by standard techniques (2) . E. coli DH5␣ (recA) was used for plasmid maintenance in order to minimize spontaneous recombination. A schematic view of the multimeric repeat variants is shown in Fig. 1 .
Transformants were selected on ampicillin-containing plates and screened for the size of MamI fragments, which span the repeat region of the bca gene. Transformants containing variable numbers of repeats were transformed into expression strain BL21(DE3) or HMS174(DE3). A representative sample of alpha variants containing various numbers of tandem repeats was obtained (Fig. 2) . These multimeric variants displayed insertions and deletions of tandem repeats. For example, the size of the MamI fragment from pT7LM2 was 1.55 kb (Fig. 2, lane 4) . Thus, the insert contained six identical repeats of 246 bp as well as flanking sequences. Characteristics of these variants are summarized in Table 1 .
Expression of multimeric tandem-repeat variants. Immunoblots screened with MAb 4G8 (data not shown) indicated that the sizes of multimeric variants ranged from 36 to 150 kDa. immunoblot increased with the number of tandem repeats. The level of expression of the protein (the intensity of staining of the immunoblot) increased after induction with IPTG (data not shown). In order to study the effect of the number of repeats on the immune response of rabbits, clones containing 1, 2, 9, and 16 repeats were selected for purification.
Purification of alpha C protein. Anion-exchange chromatography (Resource Q) eliminated many but not all high-molecular-weight contaminants of cytoplasmic fractions containing 2-, 9-, or 16-repeat proteins (data not shown). Therefore, alpha-positive fractions were pooled and treated with trypsin. However, contamination by some low-molecular-weight proteins was still detected (data not shown). This contamination was eliminated by gel filtration chromatography (Superose-12), which resulted in highly purified 9-and 16-repeat proteins (Fig. 3) . It is noteworthy that these purified high-molecularweight antigens contained predominantly the high-molecular-weight species but also small amounts of the low-molecular-weight components. The laddered patterns of the purified 9-and 16-repeat proteins in Western blots were identical to that of the native antigen (17) . Each of the individual bands visualized with Coomassie brilliant blue reacted with alphaspecific MAb 4G8 in Western blots (Fig. 3 ). An additional step of isoelectric focusing was successfully applied to separate the low-molecular-weight contaminating proteins from the 2-repeat proteins (Fig. 3) . Because of the lower yield of purified 2-repeat antigen than of 9-and 16-repeat antigens (0.2 versus 1.5 mg/liter of E. coli culture), we decided to adopt another strategy for purification of the 1-repeat protein. Application of affinity chromatography (protein A cross-linked with 2-repeatprotein-elicited antibodies) followed by ion-exchange chromatography (Resource Q) resulted in highly purified 1-repeat protein, as shown in Fig. 3 . The yield of purified 1-repeat antigen was 0.7 mg/liter of E. coli culture.
Immunogenicity of 1-, 2-, 9-, and 16-repeat proteins in rabbits as determined by ELISA. All four proteins were highly immunogenic in rabbits. ELISA titers ranged from 1 ϫ 10 5 to 2 ϫ 10 5 , which is an 800-to 2,000-fold increase over preimmunization titers.
Antibody responses in immunized rabbits. ELISA inhibition was used to study the relationship between the overall relative binding affinities of antibodies and the number of repeats expressed by alpha C proteins (Fig. 4A) . By overall relative binding affinity, we mean the complex interaction of a population of antibodies with a particular antigen as quantified by ELISA inhibition. Binding may be affected both by the relative concentrations of antibodies to distinct epitopes and by the avidity of individual antibodies within this population of antibodies. When 9-repeat alpha C protein was used as the coating antigen in combination with 9-repeat antiserum, a 200-foldhigher concentration of 1-repeat antigen than of 9-or 16-repeat antigen was required for 50% inhibition of antigenantibody binding (Fig. 4A) . The concentration of 2-repeat antigen required for 50% inhibition was intermediate relative to the necessary concentrations of 1-and 9-repeat antigens. (The combination of 16-repeat coating antigen and 16-repeat antiserum gave results similar to those obtained with the 9-repeat combination and therefore are not shown.) However, when the 2-repeat protein was used as the coating antigen in combination with 2-repeat antiserum, the difference in the concentrations of the 1-, 2-, 9-, and 16-repeat antigens required for 50% inhibition of antigen-antibody binding closely paralleled the difference in repeat number; that is, the concentrations of the 2-, 9-, and 16-repeat antigens required for 50% inhibition were 2-, 6-, and 15-fold lower, respectively, than the required concentrations of 1-repeat antigen (Fig. 4B) . The combination of 1-repeat coating antigen and 1-repeat anti- VOL. 64, 1996 REPEAT VARIANTS OF THE ALPHA C PROTEIN OF GBS 3579
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Fractionation of lower-molecular-weight from higher-molecular-weight bands of 9-repeat alpha C protein. Since both cloned and native alpha C proteins are composed of proteins of various molecular sizes, we deemed it necessary to demonstrate that the effect of repeat number on antibody binding (Fig. 4A) was due primarily to the parent, or full-size, molecule and not to the less abundant, lower-molecular-weight constituents (Fig. 3) . We therefore separated the 9-repeat alpha C protein into a higher-molecular-weight pool (predominantly the six top bands) and a lower-molecular-weight pool (predominantly the four bottom bands), using sequential fractions of the Superose-12 column, from the last step of our purification method (not shown). We compared these pools, normalized for protein content, for their ability to inhibit antibody binding by the 9-repeat-protein-elicited antiserum. Fifty percent inhibition was obtained at a concentration of 0.1 g/ml for the high-molecular-weight pool and at 0.3 g/ml for the low-molecular-weight pool. Thus, as expected, the overall inhibition shown for the 9-repeat alpha C protein in Fig. 4A was attributed mainly to the high-molecular-weight component, while the smaller bands behaved more like the low-repeat-number alpha C protein.
Mouse protection. In order to study the effect of variation in repeat number on binding to a protective epitope(s), we tested FIG. 4 . ELISA inhibition showing relative binding affinities of antibodies elicited to alpha C proteins expressing 9 repeats (A) and 2 repeats (B). In each experiment, antisera from two immunized rabbits were pooled. Plates were coated with the corresponding antigen (Ag) (9-and 2-repeat antigens, respectively), and 1-, 2-, 9-, and 16-repeat proteins were used as the inhibiting antigen (Inh Ag 1, 2, 9, and 16 rep, respectively).
the protective efficacy of rabbit antisera to 1-, 2-, 9-, and 16-repeat alpha C proteins in mice. One-and 2-repeat-elicited antibodies appeared to be more protective (survival rates of 76 and 75%, respectively) than 9-and 16-repeat-elicited antibodies (survival rates of 41 and 48%, respectively) ( Table 2) .
DISCUSSION
Alpha C protein is a potentially valuable component in the construction of GBS conjugate vaccines. In previous studies, it has been shown that beta C protein conjugated to the type III polysaccharide of GBS protects neonatal mice from GBS challenge by functioning both as a carrier protein to augment the immunogenicity of the polysaccharide and as a protective immunogen (18) . However, the beta C protein is present in only 10% of clinical GBS isolates. Alpha C proteins are present in approximately 50% of all clinical isolates and in 90% of isolates bearing non-type III polysaccharides (10a). The alpha C protein, like surface antigens of many pathogenic microorganisms, contains a series of tandem repeats. It has been found that the alpha C proteins vary in their repeat number in naturally occurring GBS. The role of these variable repeat regions in protective immunity is not well understood.
In this study, we tested the effects of the alpha C protein repeat number on (i) immunogenicity in rabbits, (ii) the repertoire of antibodies elicited in rabbits, and (iii) the protective efficacy of these antibodies in mice. The immunogenicity of protective antigens is crucial to vaccine development. We found that 1-, 2-, 9-, and 16-repeat alpha C proteins were all highly immunogenic in rabbits. In contrast, Khan et al. found that the antibody response of mice to the peptide consisting of amino acids 115 to 131 (aa115-131 peptide) of the P28 glutathione S-transferase protective protein of Schistosoma mansoni increases dramatically as the copy number increases from one to two, four, and eight repeats (13) . Likewise, Broekhuijsen and colleagues found similar effects for the VP1 region of foot-and-mouth disease virus (one, two, and four repeats) in immunogenicity studies with mice (5) . Neither the aa115-131 peptide nor the VP1 region is found in nature as a repeating protein; rather, each is expressed as a single copy on the surface of the microorganism. Thus, constructs with more copies of the aa115-131 or VP1 region were artificially created for immunization and protection studies. In addition to the number of repeats, the size of the repeat region is important for immunogenicity. One repeat of the alpha C protein is 82 amino acids long (22) , while the aa115-131 region is 16 amino acids long (13) and the VP1 region is 25 amino acids long (5) . The difference in size between one repeat of the alpha C protein and one repeat of the VP1 or aa115-131 region may explain the differences in immunogenicity when copy numbers are increased.
The repertoires of antibodies elicited by the repeat-variant alpha C protein constructs exhibited important differences. The alpha C proteins with the most repeats (9 or 16) appeared to elicit a repertoire of antibodies distinct from that elicited by alpha C proteins with fewer repeats (1 or 2). Our ELISA inhibition results suggest that antibodies elicited by 9-and 16-repeat alpha C proteins recognize predominantly a conformational epitope(s) expressed by proteins containing more repeats (9 or 16) but lose their overall binding affinity for an epitope(s) expressed by proteins containing fewer repeats (1 or 2). Evidence in support of this conclusion includes the fact that antibodies elicited by 9-and 16-repeat proteins showed much higher overall binding affinity for the 9-and 16-repeat antigens than for the 1-and 2-repeat antigens than was expected simply on the basis of their repeat number. In other words, if 9-repeat antibodies were directed to an epitope(s) on individual repeats, the overall binding affinity for 9-or 16-repeat antigens would be expected to be 9 and 16 times higher, respectively, than that for 1-repeat antigen. However, the overall binding affinity for 9-and 16-repeat antigen was in fact 200 times higher than that for 1-repeat antigen (Fig. 4A) . The results were the same for 16-repeat-protein-elicited antibodies.
In contrast, immunization of rabbits with 1-or 2-repeat proteins elicited antibodies that recognized an epitope(s) that did not depend on repeat number. This conclusion is supported by the equal binding affinities of the 1-and 2-repeat antisera for 1-, 2-, 9-, and 16-repeat proteins (Fig. 4B) . Hypothetically, conformational epitopes might arise as a result of changes in the tertiary structure of the proteins evoked by the increased length (and repeat number) of the protein; these changes could be due to repeat-repeat interactions, to alterations in the angles of peptide bonds, or to interaction of the repeat region(s) with other domains (i.e., the N-terminal and C-terminal regions). Alternatively, exposure of a hidden epitope(s) could be evoked by the decreased length (and repeat number) of the protein. As mentioned in the introduction, each repeat construct of the alpha C protein contained a partial repeat of 33 nucleotides encoding 11 amino acids. Therefore, all repeat constructs, including the 1-repeat construct, contained a joining segment, and new primary (linear) epitopes would not be introduced by addition of more segments.
Our results support the use of 1-and 2-repeat alpha C proteins as vaccines because these proteins elicit antibodies that bind all alpha C proteins with equal overall affinity. Antibodies elicited by 9-and 16-repeat alpha C proteins have lower overall affinities of binding to lower-repeat-number proteins. These findings suggest that immunization with 9-or 16-repeat alpha C protein permits the escape of lower-repeatnumber GBS mutants from antibody-mediated immunity. It has been shown previously that the number of repeats varies in clinical GBS isolates (17) . Recently, it was established in an animal model that GBS mutants with fewer repeats in their alpha C proteins arise and can escape antibody-mediated immunity (18a). In these experiments, rabbit antiserum raised to purified 9-repeat alpha C protein was injected intraperitoneally into mice, which were then challenged with GBS. Most of the splenic GBS isolates that survived expressed one repeat or none at all. It could be hypothesized that antiserum raised to the lower-repeat-number alpha C proteins binds equally well to these lower-repeat-number mutants and thus blocks their a Rabbit antiserum to alpha C proteins with 1, 2, 9, and 16 repeats was elicited. Preimmune serum was used as a negative control, and antiserum to tetanus toxoid (TT) protein conjugated with polysaccharide type III (Ia-TT) was used as a positive control. b Significant differences in protection levels for different antisera were identified by Fisher's exact test. The results were as follows: for 1-versus 9-and 16-repeat antisera, P Ͻ 0.0001; for 2-versus 9-and 16-repeat antisera, P Ͻ 0.0001; and for Ia-TT versus 1-, 2-, 9-, and 16-repeat antisera, P Ͻ 0.0001. VOL. 64, 1996 REPEAT VARIANTS OF THE ALPHA C PROTEIN OF GBS 3581
at Penn State Univ on April 12, 2008 iai.asm.org escape. Mouse protection experiments have supported this hypothesis: immunization with 9-or 16-repeat-protein-elicited antisera provided protection to only 41 and 48% of mice, respectively, whereas immunization with 1-or 2-repeat-protein-elicited antisera produced significantly higher levels of protection (76 and 75%, respectively). Since many pathogenic microorganisms other than GBS express repeat-containing antigens, these organisms may also exhibit antigenic variation based on differences in repeat number. One well-studied example is the M6 protein of group A streptococci. Jones et al. demonstrated variation in opsonic epitopes when spontaneous mutants of group A streptococci lost internal M-protein repeats (11) . They hypothesized that the loss of opsonic epitopes resulted from changes in conformational epitopes, which in turn resulted from loss of repeats. In the study presented here, we found strong evidence for such alteration in conformational epitopes in the alpha C protein of GBS. Using purified alpha C proteins differing only in the number of tandem repeats, we demonstrated that variation in repeat number gives rise to immunologically important changes in the antigenic structure and protective epitopes of this protein. We showed that 1-and 2-repeat alpha C proteins are more protective than 9-and 16-repeat proteins. However, when the repeat number varies, other repeat-containing cell surface proteins may show other forms of antigenic variation that may affect protection differently. In other words, variation in repeat number may lead to increased or decreased protection, depending on the protein. Either way, repeat number may be an important consideration in the design of vaccines directed at repeat-containing antigens.
